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Abstract: To optimize a suitable fertilization method needed for high nitrogen utilization and growth
of mung bean in the black soil of Northeast China, a field experiment was carried out with 10 treat-
ments based on isotope-tracing technology. The nitrogen fertilizer utilization, residual, loss and
dry-matter transportation, leaf area, photosynthetic potential, and wet-basis moisture content of
mung bean were discussed. The results showed that the total utilization rate of nitrogen fertilizer
under different treatments was 34.75~47.71%, while in the 0~15 cm soil layer, the total residual rate
was 11.36~33.69%, and the loss rate was 21.03~53.89%. The T1 treatment had the lowest total nitrogen
fertilizer utilization rate and the greatest loss rate. The leaf area and photosynthetic potential at
the seedling stage in the T9 treatment, the branching stage in the T2 treatment, and the flowering
stage in the T4 and T9 treatments were 5.11~31.82% higher than those in the CK treatment, and
the values at the drumming and maturing stages were significantly lower than those in the CK
treatment (p < 0.05). The total wet-basis water content of the root, stem, leaf, and pod in the whole
stages compared with the CK treatment increased by 3.35~7.41% in T4, T5, T7, and T8. In the T6
and T9 treatments, the output rate of stem-sheath storage matter and the transformation rate were
significantly higher than those in the T1 treatment (p < 0.05). The dry-matter accumulation in the
T1 and T9 treatments was significantly different from that in the CK treatment, which increased by
27.72% and 5.10%, respectively. Thus, organic fertilizer coupled with nitrogen fertilizer can improve
the nitrogen fertilizer utilization rate and the growth of mung beans.

Keywords: isotope-tracer technology; mung bean; mung bean growth; nitrogen fertilizer utilization;
organic fertilizer

1. Introduction

As the world’s most populous country, China uses only 9% of the world’s cultivated
land but feeds 22% of the world’s population [1,2]. From 2003 to 2015, grain production in
China increased by 22,990.8 million tons and succeeded in achieving 12 years of consistent
growth. The significant growth in China’s grain mainly relies on the extensive use of
chemical fertilizers. According to statistics, China’s fertilizer use accounts for one-third
of the world’s total fertilizer consumption, and China has become the world’s largest
consumer of nitrogen fertilizer [3,4]. Fertilizer use is crucial for improving soil fertility and
crop productivity, but the excessive application of nitrogen fertilizer can lead to several
problems, such as soil salinization and acidification, reduced soil saturation and fertility,
damage caused to the ozone layer, soil sludge, and heavy metal pollution of farmland and
water bodies, leading to ecosystem disorders [5–8]. In 2015, the Ministry of Agriculture
issued the Action Plan for Zero Growth in Fertilizer Use by 2020, which demands zero
growth in fertilizer use by 2020 to ensure food security [9]. Achieving zero growth in
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fertilizer use and the goal of reducing fertilizer and increasing efficiency have placed higher
demands on the efficient utilization of fertilizer.

The northeastern black soil area is located in the Songliao Basin, which is one of the
four major black soil areas in the world and is mainly distributed in Liaoning Province, Jilin
Province, Heilongjiang Province, and the eastern four leagues of Inner Mongolia, with a
total black soil area of 1.09 million km2; this is an important commercial food base in China,
accounting for one-third of the country’s commercial food supply, and is the basis of national
food security [10,11]. Black soils have high salt-based saturation, good agglomerate structure,
rich organic matter content, and suitable PH [12,13]. Nitrogen is one of the most important
elements for plant growth and development. Applying nitrogen fertilizer is an important
means to increase crop yield in agricultural production [14,15]. However, in recent years,
due to the excessive use of nitrogen fertilizer, soil organic matter content decreased, with soil
consolidation, environmental pollution, and a series of problems [16–18]. Therefore, switching
to organic fertilizer with a nitrogen fertilizer application pattern is crucial to scientifically
develop a management model that reduces nitrogen fertilizer dosage, improves black soil
fertility, reduces environmental pollution, and improves fertilizer efficiency, and, at the same
time, it is of great significance for sustainable development in Chinese agriculture [13,19].

A large number of studies have shown that the combination of organic fertilizer and
nitrogen fertilizer can prevent soil acidification, increase the soil organic matter content,
promote soil carbon cycle stability, improve soil nitrogen, phosphorus and potassium nutri-
ent capacity and crop quality, and achieve stable and increased yields [20–22]. Li et al. [23]
and Hu et al. [24] found that the application of humic acid can improve soil physical and
chemical properties, increase the soil nutrient content, and, thus, improve crop quality
and yield. Ye et al. [25] found that the application of bio-organic fertilizers to reduce the
application of chemical fertilizers can significantly improve soil fertility and significantly
improved tomato yield and quality. Zhang et al. [26] showed that magnesium fertiliza-
tion combined with organic corn straw fertilizer can significantly increase the seed yield,
nitrogen utilization, and nitrogen efficiency of corn plants, thus, increasing corn yield.
Chen et al. [27] and Wei et al. [28] showed that organic fertilizer application can increase
soil organic carbon fixation, reduce nitrogen and carbon losses, significantly increase crop
height, stem width, and leaf area, and, to some extent, promote crop yield. Ma et al. [29]
showed that the application of organic fertilizers in the soil can help to improve soil quality,
maintain crop production, and increase crop yield. Liu et al. [30] and Kimani et al. [31]
reported that biochar application combined with chemical fertilizers in soil can improve
soil quality and increase the soil carbon sequestration capacity, rice yield, and nitrogen
fertilizer utilization, thus, decreasing agricultural pollution. Xin et al. [32] showed that the
application of chemical fertilizer is necessary to increase crop yield, while the complete
application of organic fertilizer instead of chemical fertilizer increased the efficiency of fer-
tilizer utilization but decreased the yield. Therefore, the reasonable application of organic
fertilizer can result in higher fertilizer utilization efficiency and sustained high yield.

Mung bean is a warm-season, high-yielding bean crop that is widely grown in China
because of its high economic and nutritional value [33,34]. Mung bean is a crop with low soil
requirements, a short reproductive cycle, high nitrogen fixation capacity, and environmental
adaptability [35]. However, China’s mung beans are facing a series of problems, and it is
difficult to ensure the growth of mung beans because the majority of them are grown in
arid and semiarid areas [36], so it is especially important to fertilize them in a reasonable
way [37]. At present, organic fertilizers instead of chemical fertilizers are more common in
planting patterns, in which a large number of studies are conducted on the same organic
fertilizers instead of chemical fertilizers, but studies on the differences between different
organic fertilizers instead of chemical fertilizers are still lacking. Therefore, this study was
conducted to explore the effect of different organic fertilizers with nitrogen fertilizers on
the nitrogen use and growth of mung beans in the context of applying different organic
fertilizers instead of chemical fertilizers and aimed to provide a reference basis for the best
fertilization pattern for mung bean planting.
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2. Materials and Methods
2.1. Experimental Site

The experiment was performed in 2021 at the experimental field of Heilongjiang Bayi
Agricultural University, Daqing city, which is located in the western part of Heilongjiang
Province. The average daily temperature ≤ 5 ◦C exceeds 145 days, with a short frost-free
season throughout the year and climatic characteristics belonging to the northern boreal
continental monsoon climate. The test soil is calcareous black calcium soil. The physical
and chemical properties of the soil are shown in Table 1.

Table 1. The different fertilizer treatments.

PH Organic Matter
g·kg−1

Alkali-Hydro
Nitrogen
mg·kg−1

Available
Phosphorus

mg·kg−1

Available
Potassium
mg·kg−1

8.13 22.37 74.75 21.87 110

2.2. Experimental Design

The P2O5 of 45.0 kg/hm2 K2O, 22.5 kg/hm2 as the base fertilizer, as well as the
nitrogen fertilizer and organic fertilizer required for each treatment, were applied to the
soil at one time before sowing and no later fertilization was carried out. The nitrogen
fertilizer used had 10.22% abundance of 15N-labelled urea with 46.4% nitrogen content,
while the nitrogen content of the humic acid fertilizer, bio-organic fertilizer, biochar, and
straw organic fertilizer was 2%, 2.74%, 0.85%, and 1.3%, respectively. P2O5, K2O, nitrogen
fertilizer, and organic fertilizer were spread on the surface of the soil and then mixed
thoroughly with the soil. The seeds were planted on 24 May 2021. Mung beans were sown
in holes, and the selected seeds were screened before sowing to eliminate broken seeds
and impurities. The experiment was set up with 10 treatments, in which CK was a blank
control (no fertilizer), T1 consisted of normal fertilizer as a basic control, T2~T5 controlled
the nitrogen content of nitrogen fertilizer and supplemented the nitrogen content of organic
fertilizer, T6~T9 controlled the total amount of organic fertilizer and supplemented the
nitrogen content of nitrogen fertilizer, and all treatments were replicated three times, as
shown in Table 2.

Table 2. Experimental design scheme.

Number Treatments
Nitrogen +

Organic Fertilizer
(kg/hm2)

Urea: Pure
Nitrogen
Amount
(kg/hm2)

Organic
Fertilizer: Pure

Nitrogen
Amount
(kg/hm2)

Total Nitrogen
Content
(kg/hm2)

T1 nitrogen fertilizer 193.97 + 0 90 0 90
T2 nitrogen fertilizer + humic acid 107.76 + 2000 50 40 90
T3 nitrogen + bio-organic fertilizer 107.76 + 1460 50 40 90
T4 nitrogen fertilizer + biochar 107.76 + 4706 50 40 90

T5 nitrogen fertilizer + straw organic
fertilizer 107.76 + 3077 50 40 90

T6 nitrogen fertilizer + humic acid 86.21 + 2500 40 50 90

T7 nitrogen fertilizer + bio-organic
fertilizer 46.34 + 2500 21.5 68.5 90

T8 nitrogen fertilizer + biochar 148.17 + 2500 68.75 21.25 90

T9 nitrogen fertilizer + straw organic
fertilizer 123.92 + 2500 57.5 32.5 90

CK no fertilizer 0 0 0 0

2.3. Isotope Determination of Plant and Soil Samples

The weighed plant samples were ground in a grinder according to method 2.5, passed
through a 0.15 mm sieve, and extracted using H2SO4-H2O2. The mass fraction of nitrogen
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in each organ of the mature plant was determined using a flow analyzer (AutoAnalyzer-III
from SEALAnalytical, Bronluby GMBH, Hamburg, Germany). The plant isotope mea-
surements were performed at the Key Laboratory of Water Resources Efficient Utilization,
Ministry of Agriculture, Northeastern Agricultural University, China. An elemental ana-
lyzer (Flash 2000 HT, Thermo Fisher Scientific, Waltham, MA, USA) and an isotope mass
spectrometer (DELTA V Advantage, Thermo Fisher Scientific, Waltham, MA, USA) were
used in combination to determine the 15N abundance of each organ of mung bean at the
maturing stage.

Soil samples of 0–5 cm, 5–10 cm, and 10–15 cm were collected at the maturing stage of
mung bean using a soil auger and dried in a drying oven at 105 ◦C; stones and rhizomes
were removed, after which the soil was ground into powder and passed through a 0.15 mm
sieve, and soil 15N abundance was determined using the method of Silva and Bremner
(1966). The relevant equations are as follows [38–40]:

Percentage of plant nitrogen derived from fertilizer nitrogen Ndff:

Nd f f =
Np − NA

N f − NA
× 100% (1)

where NP is the 15N abundance in plant samples, Nf is the 15N abundance in the fertilizer,
and NA is the natural abundance of 15N (0.365% 15N).

Percentage of plant nitrogen derived from soil and organic fertilizer nitrogen Ndfs:

Nd f S = 1 − Nd f f (2)

The accumulation of fertilizer nitrogen (NF) in the plant:

NF = Nd f f DM NC (3)

The accumulation of soil and organic fertilizer nitrogen (NSO) in the plant:

NSO = Nd f sDM NC (4)

where DM is the dry matter mass of the plant and NC is the nitrogen content.
Total nitrogen (TS) in each soil layer:

TS = ρVNS (5)

where ρ is the soil capacitance of each layer, V is the volume of each soil layer, and NS is
the whole nitrogen mass ratio of each soil layer.

15N residue in soil R:
R = TS ×

a − c
b − c

(6)

where a is the 15N abundance of the soil sample, b is the 15N abundance in 15N-labelled
urea, and c is the standard value of natural 15N abundance (0.3663% 15N).

Utilization of NP, residual rate NSP of fertilizer N labelled by 15N in the soil:

NP =
NF
NT

× 100% (7)

NSP =
R

NT
× 100% (8)

where NT is the amount of fertilizer applied.
15N loss rate in soil LR:

LR = 1 − NP − NSP (9)
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2.4. Principal Component Analysis

Three replications were taken for each treatment at the seedling, branching, flowering,
drumming, and maturing stages of mung bean, and the length and width of each leaf (at
the longest and widest part of the leaf) were measured with a ruler to find the leaf area of a
single leaf and the mean value of each treatment. The single plant leaf area LA (cm) [41]
and photosynthetic potential Q ((cm2·d)/cm2) [42,43] were calculated as follows:

LA =
m

∑
k=1

αLkWk (10)

Q =
(L1 + L2)(T2 − T1)

2
(11)

where Lk is the length of the kth leaf, Wk is the width of the kth leaf, α is the regression
coefficient of leaf area, taken as 0.75, L1 and L2 are the leaf area indexes measured before
and after stage, and T1 and T2 represent the time before and after the two measurements.

2.5. The Wet-Basis Moisture Content of Each Organ

A representative mung bean plant was collected at each of the seedling, branch-
ing, flowering, drumming, and maturing stages, and three replicates were collected per
treatment. After sampling, the plants were placed in sealed bags and transported to the
laboratory. The plants were cleaned and divided into four parts, i.e., roots, stems, leaves,
and pods, placed in a drying oven at 105 ◦C for 30 min and then dried at 80 ◦C until their
masses were constant. The dry mass of each plant was weighed separately to calculate the
wet-basis moisture content θ (%) [44] according to the following equation:

θ =
Af − Ad

Af
× 100% (12)

where Af is the fresh mass of plant organs and Ad is the dry mass of the plant organ.

2.6. Dry Matter Accumulation, Distribution, and Transport of Mung Bean

The dry mass measured according to 2.5 was used to calculate the stem-sheath storage
matter output rate QR (%) and transformation rate CR (%) [42] as follows:

QR =
Eb − Em

Eb
× 100% (13)

CR =
Eb − Em

Ef
× 100% (14)

where Eb is the dry mass of the stem sheath at the flowering stage, Em is the dry mass of
the stem sheath at maturing, and Ef is the dry mass of seeds at maturing.

2.7. Data Analysis

The experimental data were organized and statistically analyzed using Microsoft Excel
2010, significance analysis was performed using SPSS 25.0, and plotting was performed
using Origin 2021.

3. Results
3.1. Nitrogen Fertilizer Utilization and Distribution

When nitrogen fertilizer was applied as 15N urea, 34.75~47.71% of the nitrogen fer-
tilizer was absorbed and utilized by the mung beans (Figure 1b); the accumulation of
15N fertilizer at the maturing stage of mung beans under different fertilizer treatments
ranged from 10.01 to 31.28 kg/hm2, and the highest value was achieved in the T1 treat-
ment (Figure 1a). The accumulation of 15N fertilizer in T2~T9 treatment decreased by
12.28~67.99% compared with T1 treatment. However, the utilization of 15N fertilizer in
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the T2~T9 treatments increased by 12.40~27.17%, showing that organic fertilizer combined
with nitrogen fertilizer could improve the utilization of nitrogen fertilizer.
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Figure 1. The 15N fertilizer accumulation, utilization rate, and accumulation percentage in each or-
gan of mung bean relative to the total nitrogen accumulation under different treatments. Note: CK: 
no fertilizer (0 kg/hm2), T1: nitrogen fertilizer (193.97 kg/hm2), T2: nitrogen fertilizer (107.76 kg/hm2) 
+ humic acid (2000 kg/hm2); T3: nitrogen fertilizer (107.76 kg/hm2) + bio-organic fertilizer (1460 
kg/hm2); T4: nitrogen fertilizer (107.76 kg/hm2) + biochar (4706 kg/hm2); T5: nitrogen fertilizer 
(107.76 kg/hm2) + straw organic fertilizer (3077 kg/hm2); T6: nitrogen fertilizer (86.21 kg/hm2) + hu-
mic acid (2500 kg/hm2); T7: nitrogen fertilizer (46.34 kg/hm2) + bio-organic fertilizer (2500 kg/hm2); 
T8: nitrogen fertilizer (148.17 kg/hm2) + biochar (2500 kg/hm2); T9: nitrogen fertilizer (123.92 kg/hm2) 
+ organic fertilizer (2500 kg/hm2); the same below. 
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Figure 1. The 15N fertilizer accumulation, utilization rate, and accumulation percentage in
each organ of mung bean relative to the total nitrogen accumulation under different treatments.
Note: CK: no fertilizer (0 kg/hm2), T1: nitrogen fertilizer (193.97 kg/hm2), T2: nitrogen fertilizer
(107.76 kg/hm2) + humic acid (2000 kg/hm2); T3: nitrogen fertilizer (107.76 kg/hm2) + bio-organic
fertilizer (1460 kg/hm2); T4: nitrogen fertilizer (107.76 kg/hm2) + biochar (4706 kg/hm2); T5: ni-
trogen fertilizer (107.76 kg/hm2) + straw organic fertilizer (3077 kg/hm2); T6: nitrogen fertilizer
(86.21 kg/hm2) + humic acid (2500 kg/hm2); T7: nitrogen fertilizer (46.34 kg/hm2) + bio-organic fer-
tilizer (2500 kg/hm2); T8: nitrogen fertilizer (148.17 kg/hm2) + biochar (2500 kg/hm2); T9: nitrogen
fertilizer (123.92 kg/hm2) + organic fertilizer (2500 kg/hm2); the same below.

The distribution of 15N fertilizer in each organ of the mung bean plants varied greatly
(Figure 1c), and the accumulation of 15N fertilizer across all treatments was 1.90~14.98 kg/hm2

in roots, 1.73~6.88 kg/hm2 in stems, 2.77~10.09 kg/hm2 in leaves, and 2.58~16 kg/hm2 in
pods. The 15N fertilizer in roots accounted for 9.51~47.90% of the total nitrogen accumulation;
stems accounted for 7.70~29.08%; leaves accounted for 8.85~44.88%; and pods accounted for
16.74~58.67%.

3.2. Nitrogen Fertilizer Residues

The total residual amount of 15N fertilizer in the 0~15 cm soil layer under different
treatments was 5.51~16.85 kg/hm2 (Figure 2a), equivalent to 11.45~33.69% of the total 15N
fertilizer applied to the soil, and the maximum value was obtained in the T2 treatment.
The residual amount in the T3~T9 treatments was 8.57~52.30% lower than that in the T1
treatment. The residual rates of nitrogen fertilizer in the T2~T9 treatments were higher
than those in the T1 treatment (Figure 2b), i.e., 33.54~66.28% (p < 0.05) higher in treatments
T2~T4, T6, T7, and T9. Compared with T1 treatment, T5 and T8 treatment increased
significantly by 0.49% and 3.92%, respectively.
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The residual amount of 15N fertilizer in different soil layers reflects the effects of
nitrogen fertilizer transport. The residual amount after the mung bean harvest was
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1.22~8.20 kg/hm2 in the 0~5 cm soil layer, 0.30~3.50 kg/hm2 in the 5~10 cm soil layer,
and 0.30~7.06 kg/hm2 in the 10~15 cm soil layer (Figure 3a). Figure 3b shows the resid-
ual amount of 15N in each soil layer as a percentage of the total residual amount. In the
0~5 cm soil layer, the percentage of the total residual amount in the T2~T9 treatments was
significantly lower than that in the T1 treatment, i.e., 23.27~85.14% lower (p < 0.05); in the
5~10 cm soil layer, the percentage in the T3 treatment was significantly lower than that
in the T1 treatment, i.e., 79.63% lower (p < 0.05), and there was no significant difference
among the T1, T8, and T9 treatments. In the T2 and T4~T7 treatments, the percentage was
higher than that in the T1 treatment, i.e., 23.30~57.70% higher (p < 0.05); in the 10~15 cm
soil layer, the percentage in the T5~T7 treatments was significantly lower than that in the
T1 treatment, i.e., 43.32~83.75% lower (p < 0.05). However, compared with T1 treatment,
T2~T4, T8, and T9 treatment increased by 42.85~73.44% (p < 0.05).
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Figure 3. The residual amount of 15N fertilizer in each soil layer after the mung bean harvest and the 
residual amount of 15N fertilizer in each soil layer as a percentage of the total residual nitrogen fer-
tilizer. 

3.3. Nitrogen Fertilizer Losses 
Figure 4 shows the 15N fertilizer loss rate under different treatments. Across all treat-

ments, the 15N fertilizer loss rates were 21.03~53.89% and the highest value was achieved 
in the T1 treatment, i.e., 53.89%, which was significantly higher than that in the other treat-
ments (p < 0.05). The order of the 15N fertilizer loss rate of each treatment was T1 > T8 > T5 
> T4 > T6 > T9 > T3 > T7 > T2, and in the T2~T9 treatments, it was reduced by 9.99~60.98% 
compared to the T1 treatment. 

Figure 3. The residual amount of 15N fertilizer in each soil layer after the mung bean harvest
and the residual amount of 15N fertilizer in each soil layer as a percentage of the total residual
nitrogen fertilizer.

3.3. Nitrogen Fertilizer Losses

Figure 4 shows the 15N fertilizer loss rate under different treatments. Across all
treatments, the 15N fertilizer loss rates were 21.03~53.89% and the highest value was
achieved in the T1 treatment, i.e., 53.89%, which was significantly higher than that in the
other treatments (p < 0.05). The order of the 15N fertilizer loss rate of each treatment was T1
> T8 > T5 > T4 > T6 > T9 > T3 > T7 > T2, and in the T2~T9 treatments, it was reduced by
9.99~60.98% compared to the T1 treatment.
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3.4. Effects on Leaf Area and Photosynthetic Potential

The leaf is the main organ for photosynthesis and production [45,46]. Across all
treatments, the leaf area first increased and then decreased and peaked at the drumming
stage (Figure 5a), and there was no significant difference (p > 0.05) at the seedling and
branching stages compared to the CK treatment. However, at the flowering stage, the T2,
T4, T6, and T9 treatments increased by 0.17~11.16% compared with the CK treatment, while
the T1, T3, T5, T7, and T8 treatments decreased by 7.46~17.85%. At the drumming stage, all
treatments were lower than the CK treatment, with a decrease of 11.57~23.75% (p < 0.05).
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Photosynthetic potential (Q) is determined by the leaf area index and its duration
(Figure 5b) [42]. Its trend was similar to that of the leaf area. At the flowering stage, in
the T2, T4, T6, and T9 treatments, the Q was 5.11~9.20% (p < 0.05) higher than that in the
CK treatment. In the T1, T3, T5, T7, and T8 treatments, the Q was 1.29~11.10% (p < 0.05)
lower than that in the CK treatment. Both the drumming and maturing stages recorded
maximum values in the CK treatment, i.e., 173.60 (cm2·d)/cm2 and 118.91 (cm2·d)/cm2,
and all treatments decreased by 3.77~20.72% (p < 0.05) at the drumming stage and by
12.94~35.66% (p < 0.05) at the maturing stage compared with the CK treatment.

3.5. Effects on the Wet-Basis Moisture Content

The wet-basis moisture content of roots can show their activity (Figure 6a) [43]. The
wet-basis moisture content of roots was lowest at the flowering stage. At the seeding stage,
the T2~T9 treatments increased by 4.79~21.47% (p < 0.05) compared with the CK treatment,
while the T1 and CK treatments showed no significant difference. At the branching stage in
the T1 and T4~T6 treatments, the moisture content increased by 2.66~8.07% compared with
the CK treatment, while the T2, T8, and CK treatments showed no significant difference.
However, the T3, T7, and T9 treatments decreased compared to the CK treatment. At
the flowering stage, the T2, T6, and T7 treatments were 1.29~12.04% higher than the CK
treatment, and the T1, T3, T4, T8, and T9 treatments showed a decreasing trend compared
with the CK treatment. The T5 and CK treatments were not significantly different. At the
maturing stage, compared with the CK treatment, except for the T8 treatment, the wet-basis
moisture content of the other treatments increased by 1.64~12.12%.

The wet-basis moisture content of the stem decreased slowly from the seedling stage
to the flowering stage, increased slowly from the flowering stage to the drumming stage,
and decreased rapidly from the drumming stage to the maturing stage. All treatments
showed consistent trends (Figure 6b). The moisture content at the seedling stage in the
T2, T3, T4, T5, and T8 treatments, at the branching stage in the T1, T2, T3, T4, T5, and T6
treatments, at the flowering stage in the T6 and T7 treatments, and at the drumming stage
in the T1, T2, T4, T6, and T7 treatments was not significantly different from that in the CK
treatment. However, at the maturing stage, the T1, T3, T4, T5, T6, and T7 treatments were
13.87~58.74% (p < 0.05) higher than the CK treatment.
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Figure 6. Variation in the wet-basis water content of each organ of the mung bean plant. Figure 6. Variation in the wet-basis water content of each organ of the mung bean plant.

From the seedling to the branching stage, the wet-basis moisture content of the leaves
increased, except in the T8 treatment (Figure 6c). However, from the branching to the
flowering stage, all treatments decreased, while the T2 and T6 treatments decreased sig-
nificantly, by 34.21% (p < 0.05) and 32.93% (p < 0.05), respectively. Across all treatments,
the wet-basis moisture content increased from the flowering to the drumming stage, while
the T2 and T6 treatments increased significantly, by 49.09% (p < 0.05) and 40% (p < 0.05),
respectively. However, all treatments decreased from the drumming to the maturing stage.
Compared to the CK treatment, the seedling stage in the T3~T9 treatments was increased
significantly by 2.29~19.41% (p < 0.05), while the branching stage in the T1, T3~T6, and T8
treatments, the flowering stage in the T1, T3~T5, and T8 treatments, and the drumming
stage in the T1~T6, T8, and T9 treatments were not significantly different.

The wet-basis moisture content of the pods is shown in Figure 6d. At the flowering
stage, in the T1 and CK treatments, there was no significant difference. The drumming stage
in the T1, T2, T4, and T5 treatments was increased by 12.04% (p < 0.05), 15.52% (p < 0.05),
11.45% (p < 0.05), and 4.47% (p > 0.05), respectively, compared to the CK treatment. The
maturing stage in the T1 and T4 treatments was significantly higher than that in the CK
treatment, with increases of 0.88% (p < 0.05) and 12.62% (p < 0.05), respectively.

3.6. Effects on Dry Matter Output, Transformation Rate, and Accumulation

The output percentage of stem-sheath storage matter was higher than the transforma-
tion rate (Figure 7a), and all treatments were lower than the CK treatment. In the T6 and T9
treatments, the output rate of the stem-sheath storage matter and transformation rate were
significantly higher than those in the T1 treatment (p < 0.05), which increased by 47.02%
and 33% and by 25.43% and 9.51%, respectively. However, in the T2~T5 and T7 treatments,
the output rate of the stem-sheath storage matter and transformation rate were significantly
lower than those in the T1 treatment (p < 0.05), which decreased by 29.71~84.30% and by
14.87~88.36%, respectively. The dry-matter accumulation is shown in Figure 7b. The T1
and T9 treatments was 27.72% (p < 0.05) and 5.10% higher than the CK treatment. The
T2, T3, T4, and T5 treatments were not significant compared with the CK treatment, while
T6~T8 treatments were significantly lower than that in the CK treatment, with decreases of
33.26% (p < 0.05), 16.45% (p < 0.05), and 19.07% (p < 0.05), respectively.
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Figure 7. Changes in output, transformation rate, and dry-matter accumulation of mung bean plants 
by treatment. 
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4. Discussions
4.1. Effects on Nitrogen Fertilizer Utilization, Residues, and Losses

The commonly referred to nitrogen fertilizer utilization is only a single representation
of the total nitrogen utilization during the growth of mung beans. In this study, with the use
of the 15N-tracer technique, marked 15N urea was applied to the soil together with organic
fertilizer, overcoming the disadvantage of the traditional calculation method of fertilizer
utilization, which only represents the nitrogen utilization rate of the crop during the whole
growth period. The accumulation and distribution of nitrogen in mung bean plants under
different organic fertilizers with nitrogen fertilizers were studied to provide a basis for
accurately describing the utilization of fertilizer nitrogen by mung beans under different
treatments throughout the reproductive period. The experimental results showed that the
total nitrogen utilization rate of mung bean plants with different organic fertilizers with
nitrogen fertilizer treatments ranged from approximately 39.67 to 47.71% and was higher
than that of the normal fertilizer treatments, and nitrogen reduction with organic fertilizer
improved the fertilizer utilization efficiency. Yu et al. [46] and Zhou et al. [47] showed that
the rational application of nitrogen fertilizer can improve nitrogen fertilizer utilization and
promote crop growth compared with normal fertilizer application. The total residual rate
of mung bean plants with different organic fertilizer with nitrogen fertilizer treatments in
0~15 cm soil ranged from approximately 11.42 to 33.69%, and the residual rate of organic
fertilizer with nitrogen fertilizer treatments was generally higher than that of the normal
fertilizer treatments. The test results are consistent with the findings of Zhang et al. [48] but
slightly higher than those of Chen et al. [49], which may be due to the climatic soil in black
soil areas having a strong fertilizer retention capacity, so fertilizers have higher residual
rates in black soils [50]; on the other hand, it may be caused by the different crops grown
and different types of fertilizer application. In this study, the loss rate of normal fertilizer
application reached 53.89%, and the loss rate of organic fertilizer with nitrogen fertilizer
ranged from approximately 21.03 to 48.51%, indicating that organic fertilizer with nitrogen
fertilizer can significantly reduce the loss rate of nitrogen fertilizer, and this result is the
same as that of Chen et al. [51]. This experiment only studied the utilization, residual, and
loss of nitrogen fertilizer under treatments with different amounts of organic fertilizer with
nitrogen fertilizer, and some nitrogen fertilizer losses through gaseous emissions, such as
ammonia volatilization and nitrification–denitrification, need to be further investigated.

4.2. Effect on Leaf Area

The leaf is an important organ for photosynthesis to produce organic matter for
plant growth and is also an important indicator to determine whether the crop can be
highly productive [52,53]. Many previous studies were conducted on the effect of organic
fertilizers on leaf area, showing that these fertilizers can partially replace chemical fertilizers
to promote leaf growth [54]. Ma et al. [55] found that the leaf area of wheat with organic
fertilizer combined with compound fertilizer at the flowering stage was significantly higher
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than that with compound fertilizer alone and without fertilizer treatment under the same
moisture conditions in a study on the effect of different fertilizer and moisture treatments
on the leaf area of wheat. In this study, we found that the leaf area from the seedling stage
to the drumming stage showed an increasing trend as the crop progressed throughout the
growth period and a decreasing trend after the drumming stage, reaching a maximum at
the drumming stage, and the leaf area of the T9, T2, and T4 treatments increased most
significantly at the seedling, branching, and flowering stages compared to the control (CK)
in the same period, by 31.82%, 23.18%, and 11.16%, respectively. The leaf area of each
treatment at the drumming and maturing stages was lower than that of the control (CK)
treatment, indicating that the leaves gradually senesced after the flowering stage and that
there were fewer new leaves. The results of this study are similar to those of Guo et al. [56]
and Li et al. [57], indicating that organic fertilizer application can effectively promote leaf
growth and improve the photosynthetic capacity of the crop, thus, ensuring stable and
increased crop yield.

4.3. Effect on the Wet-Basis Moisture Content

The main parts of mung bean plants include the root, stem, leaf, and pod. The dry-
matter accumulation of each organ can be observed by the wet-basis water content of
each organ. However, most of the previous work used the wet-basis water content to
express the water changes in plant organs. In this experiment, we studied the changes in
the wet-basis water content of each organ of the mung bean plants by applying different
organic fertilizers. The results showed that, in all stages, the wet-basis moisture content
of the roots first decreased and then increased. From the seedling to the flowering stage
and from the flowering to the maturing stage, the moisture content increased, and the
lowest value was recorded at the flowering stage. The results of this study are consistent
with those of Wei et al. [43], probably because the late root growth of the mung bean plant
basically stopped but its water absorption did not. As an important channel for transferring
and transporting water and nutrients above and below ground, the water content variation
and morphological characteristics of the stem play an important role in crop growth and
yield formation [58]. This study showed that at all stages, all treatments first decreased and
then decreased due to the assimilates being transferred to the seeds as the stems senesced,
and the increasing maturation of the seeds reflected a significant decrease in the wet-basis
water content [59]. The wet-basis water content of the leaves showed a bimodal curve for
each treatment from meristem to maturation, and the results of the study are similar to
those of Sun et al. [60], indicating that nutrient transfer from the leaves to the pods began
after the flowering stage, and after the drumming stage, the leaves continued to die and
the nutrient fraction was transferred to the seeds.

4.4. Effect on the Photosynthetic Potential and Dry Mass

Mung bean yield formation is essentially a process of photosynthetic material pro-
duction assimilation, and photosynthetic production capacity and assimilation capacity
determine the yield; the photosynthetic potential and dry-matter accumulation are usually
used to reflect the photosynthetic production assimilation capacity [61]. In this study, we
found that the photosynthetic potential was the lowest at the seedling stage and highest
at the drumming stage; from the seedling to the drumming stage, it increased, and from
the bulging to the maturing stage, it decreased, while it reached the maximum at the
drumming stage, and the changes were consistent among treatments. The photosynthetic
potential of the T9, T4, and T2 treatments increased most significantly compared to the
control (CK) at the seedling, branching, and flowering stages, with increases of 31.82%,
22.77%, and 9.20%, respectively. However, at the drumming and maturing stages, all
treatments were lower than the CK treatment, mainly because the leaves turned yellow and
fell off after the drumming stage, which is consistent with the results of Zhang et al. [62],
indicating that the application of organic fertilizer increases the photosynthetic potential.
Dry-matter accumulation and distribution are the basis of crop yield formation and the key
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to various agronomic measures to regulate seed yield [63]. In this study, we found that
the dry-matter accumulation of T1, T4, and T9 treatments increased, and at all stages, the
output percentage of the stem-sheath storage matter was higher than the transformation
rate, indicating that the higher the dry-matter accumulation, the higher the crop yield and
the better the quality, similar to the results of Xu et al. [64], who showed that the application
of organic fertilizer can improve the stem-sheath storage matter output, transformation
rate, and dry-matter accumulation, which can eventually lay the foundation for improving
the mung bean yield.

5. Conclusions

In the process of mung bean planting, different organic fertilizers combined with
nitrogen fertilizer can decrease the loss of nitrogen fertilizer and increase the absorption
and utilization of nitrogen fertilizer. The total nitrogen fertilizer was 34.75~47.71%, the
total residual rate was 11.42~33.69%, and the loss rate was 21.03~53.89%. All treatment
utilization and residual rates were higher than those of the T1 treatment, and the loss
rate was lower than that of the T1 treatment. From the seedling to the flowering stage,
the total leaf area and photosynthetic potential in the T9 treatment increased significantly
compared to those in the CK treatment. In the T9 treatment, the total wet-basis water
content of each organ was higher than that in the other treatments at the seedling and
flowering stages. The output rate of the stem-sheath storage matter and the transformation
rate in the T9 treatment were significantly higher than those in the T1 treatment. Thus,
organic fertilizer with nitrogen fertilizer promoted crop growth and decreased the amount
of fertilizer residue and loss in the soil. Comprehensive analysis based on the experiment
showed that T9 was the better fertilization treatment.
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